Tocopherols are lipid-soluble compounds synthesized only by photosynthetic eukaryotes and oxygenic cyanobacteria. The pathway and enzymes for tocopherol synthesis are homologous in cyanobacteria and plants except for 2-methyl-6-phytyl-1,4-benzoquinone/2-methyl-6-solanyl-1,4-benzoquinone methyltransferase (MPBQ/MSBQ MT), which catalyzes a key methylation step in both tocopherol and plastoquinone (PQ) synthesis. Using a combined genomic, genetic, and biochemical approach, we isolated and characterized the VTE3 (vitamin E defective) locus, which encodes MPBQ/MSBQ MT in Arabidopsis. The phenotypes of vte3 mutants are consistent with the disruption of MPBQ/MSBQ MT activity to varying extents. The ethyl methanesulfonate-derived vte3-1 allele alters tocopherol composition but has little impact on PQ levels, whereas the null vte3-2 allele is deficient in PQ and ␣ -and ␥ -tocopherols. In vitro enzyme assays confirmed that VTE3 is the plant functional equivalent of the previously characterized MPBQ/MSBQ MT (Sll0418) from Synechocystis sp PCC6803, although the two proteins are highly divergent in primary sequence. Sll0418 orthologs are present in all fully sequenced cyanobacterial genomes, Chlamydomonas reinhardtii , and the diatom Thalassiosira pseudonana but absent from vascular and nonvascular plant databases. VTE3 orthologs are present in all vascular and nonvascular plant databases and in C. reinhardtii but absent from cyanobacterial genomes. Intriguingly, the only prokaryotic genomes that contain VTE3-like sequences are those of two species of archea, suggesting that, in contrast to all other enzymes of the plant tocopherol pathway, the evolutionary origin of VTE3 may have been archeal rather than cyanobacterial. In vivo analyses of vte3 mutants and the corresponding homozygous Synechocystis sp PCC6803 sll0418 :: aphII mutant revealed important differences in enzyme redundancy, the regulation of tocopherol synthesis, and the integration of tocopherol and PQ biosynthesis in cyanobacteria and plants.
INTRODUCTION
Tocopherols, collectively termed vitamin E, are a class of lipidsoluble compounds that are synthesized only by oxygenic photosynthetic organisms. All tocopherols are amphipathic molecules with polar head groups exposed to the membrane surface and hydrophobic tails that interact with the acyl groups of membrane lipids. Four types of tocopherols ( ␣ -, ␤ -, ␥ -, and ␦ -tocopherols [ ␣ -, ␤ -, ␥ -, and ␦ -T, respectively]) are synthesized naturally and differ only in the number and position of methyl substituents on the chromanol ring ( Figure 1 ). Tocopherols are essential dietary components for humans and other mammals; as a result, most of our understanding of tocopherol function has been derived from studies in these systems (for reviews, see Hanck, 1985; Brigelius-Flohe and Traber, 1999; Valk and Hornstra, 2000; Brigelius-Flohe et al., 2002; Ricciarelli et al., 2002) . Studies in mammals, animal cell cultures, and artificial membranes have shown that tocopherols help maintain membrane structure and integrity (Srivastava et al., 1989) , act as antioxidants and free radical scavengers (Tappel, 1962; Jialal and Fuller, 1993; Jialal et al., 2001; Behl and Moosmann, 2002) , and perform other nonantioxidant functions related to signaling and transcriptional regulation (Azzi et al., 1995; Grau and Ortiz, 1998; Ricciarelli et al., 2002) . The functions of tocopherols in photosynthetic organisms have yet to be determined, but they are likely to include unique functions in addition to those reported in animals (Noctor and Foyer, 1998; Grasses et al., 2001; Reverberi et al., 2001) . Mutant and transgenic approaches in Arabidopsis and Synechocystis sp PCC6803 that eliminate tocopherols (Collakova and DellaPenna, 2001; Schledz et al., 2001) , replace tocopherols with biosynthetic intermediates (Porfirova et al., 2002; Sattler et al., 2003) , or increase tocopherol levels (Collakova and DellaPenna, 2001; Savidge et al., 2002) are beginning to provide insight into tocopherol functions in photosynthetic organisms.
Tocopherols are synthesized by a pathway that is conserved between cyanobacteria and plants ( Figure 1 ) (Soll et al., 1980 (Soll et al., , 1985 Lichtenthaler et al., 1981; Norris et al., 1995 Norris et al., , 1998 . The conversion of p -hydroxyphenylpyruvate (HPP) to homogentisic acid (HGA) by HPP dioxygenase (HPPD) yields the aromatic head group for both tocopherol and plastoquinone biosynthesis in plants (Norris et al., 1998) . The committed step in tocopherol synthesis is the condensation of HGA and phytyldiphosphate by homogentisate phytyltransferase (HPT) to produce the first tocopherol intermediate, 2-methyl-6-phytylbenzoquinone (MPBQ) (Collakova and DellaPenna, 2001; Schledz et al., 2001; Savidge et al., 2002) . Biochemical analyses have shown that the steps leading from MPBQ to ␣ -tocopherol are as follows: (1) ring methylation of MPBQ by 2-methyl-6-phytyl-1,4-benzoquinone/ 2-methyl-6-solanyl-1,4-benzoquinone methyltransferase (MPBQ/ MSBQ MT) to yield 2,3-dimethyl-5-phytylbenzoquinone (DMPBQ) (Soll et al., 1985) ; (2) ring cyclization of DMPBQ by tocopherol cyclase (TC) to yield ␥ -T (Soll et al., 1985; Arango and Heise, 1998; Porfirova et al., 2002; Sattler et al., 2003) ; and (3) a second ring methylation by ␥ -tocopherol methyltransferase ( ␥ -TMT) to yield ␣ -T (Soll et al., 1980; d'Harlingue and Camara, 1985; Shintani and DellaPenna, 1998) . Alternatively, MPBQ can be cyclized to form ␦ -T and then methylated by ␥ -TMT to yield ␤ -T. All enzymatic activities for tocopherol synthesis in plants have been localized to the inner chloroplast envelope except HPPD, which is cytosolic (Soll et al., 1980 (Soll et al., , 1985 .
In plants, the lipid-soluble, plastid-localized electron carrier plastoquinone (PQ) is synthesized by the pathway shown in Figure 1 . As in tocopherol synthesis, the committed step in PQ synthesis is condensation of the aromatic compound HGA with a prenyldiphosphate, solanyldiphosphate, to yield 2-methyl-6-solanylbenzoquinone (MSBQ) by homogentisate solanyltransferase, an activity distinct from HPT (Norris et al., 1995; Collakova and DellaPenna, 2001 ). MSBQ then is methylated at the same ring position as MPBQ to yield PQ. The similarity of the MPBQ and MSBQ structures has led to the proposal that a single enzyme performs the methylation of both compounds. This has been demonstrated for MPBQ/MSBQ methyltransferase (MPBQ/MSBQ MT) from the cyanobacterium Synechocystis Boldface arrows represent the steps leading to ␣-tocopherol, the most abundant tocopherol produced in wild-type Arabidopsis leaves and Synechocystis sp PCC6803. DMPBQ, 2,3-dimethyl-5-phytyl-1,4-benzoquinone; HGA, homogentisic acid; HPP, p-hydroxyphenylpyruvate; MPBQ, 2-methyl-6-phytyl-1,4-benzoquinone; MSBQ, 2-methyl-6-solanyl-1,4-benzoquinone; phytyl-DP, phytyldiphosphate; SAM, S-adenosylmethionine; solanyl-DP, solanyldiphosphate. Enzymes are indicated by circled numbers: 1, HPP dioxygenase (HPPD); 2, homogentisate phytyltransferase (HPT); 3, homogentisate solanyltransferase (HST); 4, MPBQ/MSBQ methyltransferase; 5, tocopherol cyclase (TC); and 6, ␥-tocopherol methyltransferase (␥-TMT).
PCC6803, which, when cloned and assayed in Escherichia coli , was capable of using both MPBQ and MSBQ as substrates . Whether such a multifunctional activity exists in plants is unclear.
Although the plant tocopherol and PQ biosynthetic pathways were elucidated in labeling studies during the 1980s (d 'Harlingue and Camara, 1985; Marshall et al., 1985; Soll et al., 1985) , the membrane association and low specific activity of most pathway enzymes have hindered their isolation and characterization. Most tocopherol pathway enzymes have been isolated only recently by combining genetic and genomic approaches in Synechocystis sp PCC6803 and Arabidopsis, in which the isolation of an enzyme from one organism has facilitated the isolation of the respective ortholog from the other. Sequencing of the Synechocystis sp PCC6803 and Arabidopsis genomes has greatly facilitated this process, so that now, HPPD, HPT, TC, and ␥ -TMT have been cloned and characterized from both organisms (Norris et al., 1998; Shintani and DellaPenna, 1998; Collakova and DellaPenna, 2001; Shintani et al., 2002; Porfirova et al., 2002; Sattler et al., 2003) . Although these studies have shown that these four pathway steps and enzymes are conserved between cyanobacteria and plants, other studies have provided evidence that portions of the tocopherol and PQ pathways are not identical in the two organisms.
One such example is the different requirement of HGA for PQ synthesis in cyanobacteria and higher plants. Although the Synechocystis sp PCC6803 and Arabidopsis genomes both encode HPPD enzymes, disruption of HPPD activity in the two organisms yields drastically different phenotypes. A null Arabidopsis HPPD mutant is deficient in both tocopherol and PQ and is seedling lethal (Norris et al., 1998) , whereas the orthologous Synechocystis sp PCC6803 mutant is viable and lacks tocopherols only (Dahnhardt et al., 2002) . This finding suggests that, unlike in plants, the aromatic head group for PQ synthesis in Synechocystis sp PCC6803 is not derived from HGA or that there is an alternative route for HGA synthesis in this organism. The different phenotypes of HPPD-deficient Arabidopsis and Synechocystis sp PCC6803 mutants indicate that the mere presence of functional orthologs in cyanobacteria and plants does not necessarily equal identical biosynthetic pathways.
The only tocopherol pathway enzyme that has not yet been cloned from plants is MPBQ/MSBQ MT. MPBQ/MSBQ MT activity has been demonstrated in spinach chloroplasts (Soll et al., 1985) , and maize and sunflower mutants have been identified with phenotypes consistent with the disruption of MPBQ/ MSBQ MT activity (Cook and Miles, 1992; Demurin et al., 1996) . MPBQ/MSBQ MT has been cloned and characterized from Synechocystis sp PCC6803 , but despite the high degree of evolutionary conservation between plants and cyanobacteria for other tocopherol pathway enzymes, no obvious orthologs could be identified in the completed Arabidopsis and rice genomes and numerous plant EST databases. This finding suggests that, analogous to the different routes to PQ head group synthesis in Synechocystis sp PCC6803 and Arabidopsis (Norris et al., 1998; Dahnhardt et al., 2002) , MPBQ/MSBQ MT also may differ between cyanobacteria and plants. Here, we report the identification and characterization of a novel MPBQ/MSBQ MT from Arabidopsis that has orthologs in all plant, but not cyanobacterial, databases. The low sequence identity between the cyanobacterial and plant MPBQ/MSBQ MTs suggests that they are nonorthologous, functionally equivalent enzymes that arose independently during the evolution of plants and cyanobacteria.
RESULTS

Search for an Arabidopsis Homolog of Synechocystis sp PCC6803 MPBQ/MSBQ MT Using Genome-Based Approaches
To better understand tocopherol synthesis in plants, we attempted to identify an Arabidopsis ortholog of Synechocystis sp PCC6803 MPBQ/MSBQ MT, which had been identified previously as open reading frame (ORF) sll0418 . Sll0418 orthologs were identified using tBLASTn (Basic Local Alignment Search Tool; P Ͻ 10 Ϫ 81 ) in the fully sequenced cyanobacterial genomes of Anabaena sp PCC7120, Thermosynechococcus elongatus , Prochlorococcus marinus MIT9313 and MED4, and Synechococcus sp WH8102, in the partially sequenced cyanobacterial genomes of Synechococcus sp PCC7002 and Trichodesmium erythraem IMS101, in the genome and EST databases of the green alga Chlamydomonas reinhardtii , and in the raw genome sequence data of the diatom Thalassiosira pseudonana (Figure 2 ). However, exhaustive searches of public DNA databases for vascular and nonvascular plants, including the complete Arabidopsis and rice genomes, failed to identify a convincing ortholog of Synechocystis sp PCC6803 sll0418 . The two proteins in the Arabidopsis genome with the greatest similarity to Sll0418 are ␥ -TMT (P Ͻ 10 Ϫ 37 ), which is not active toward MPBQ when assayed in vitro (data not shown), and SMT1 (P Ͻ 10 Ϫ 18 ), a sterol methyltransferase that is not targeted to the chloroplast (Diener et al., 2000) .
In a parallel approach, 93 predicted proteins in the Arabidopsis genome were identified that contain motifs characteristic of conserved S -adenosylmethionine binding domains in methyltransferases (Kagan and Clarke, 1994) . Eleven of these proteins, one of which was ␥ -TMT, also were predicted to be targeted to the chloroplast, the known subcellular location of plant MPBQ/MSBQ MT activity (Soll et al., 1985) . The protein sequences of these putative chloroplast-targeted methyltransferases were aligned with methyltransferases of known functions, including previously characterized methyltransferases involved in tocopherol synthesis (Figure 2 ). The resulting phylogenetic tree indicated that none of the Arabidopsis sequences clustered with the Synechocystis sp PCC6803 MPBQ/MSBQ MT clade (Figure 2 ). Given that plant chloroplasts are known to contain MPBQ/MSBQ MT activity (Soll et al., 1985) , these combined data suggest that, unlike the other enzymes of the tocopherol pathway, Arabidopsis and Synechocystis sp PCC6803 MPBQ/MSBQ MTs share little identity at the level of the primary amino acid sequence.
Identification of Arabidopsis MPBQ/MSBQ MT Mutants and Cloning of the VTE3 Locus
A genetic approach was used concurrently with genomic approaches to identify the MPBQ/MSBQ MT locus in Arabidopsis.
A rapid HPLC-based screen of Arabidopsis leaf tissue was developed to identify mutants with altered leaf tocopherol profiles (Sattler et al., 2003) . The screening of an ethyl methanesulfonate-mutagenized Arabidopsis population (ecotype Columbia) yielded one mutant line that, compared with the wild type, had reduced levels of ␣ -T and ␥ -T and greatly increased levels of ␤ -T and ␦ -T (Table 1) . This is a biochemical phenotype consistent with a reduction in MPBQ/MSBQ MT activity ( Figure  1 ). The mutant was designated vte3-1 (vitamin E defective).
A map-based cloning approach was used to isolate the VTE3 locus. vte3-1 was crossed to wild-type Landsberg erecta , and an F2 population was screened by HPLC for the vte3-1 phenotype. Seventy-two of 276 F2 plants were identified as vte3-1 homozygotes, indicating that vte3-1 is recessive ( 2 ϭ 0.168). vte3-1 was mapped to an ‫-2ف‬Mb interval at the bottom of chromosome III using simple sequence length polymorphism markers ( Figure 3A ). Two simple sequence length polymorphism markers on BACs T15C9 and T17J13 identified 13 and 2 recombination events for vte3-1, respectively, indicating that the VTE3 locus was located to the right of BAC T17J13 ( Figure  3A ). In the 398-kb interval from T17J13 to the telomere, there are two predicted methyltransferases, At3g63250 and At3g63410. At3g63250 encodes a previously cloned and characterized homocysteine S-methyltransferase (Ranocha et al., 2000) . At3g63410 encodes a 338-amino acid (37.9 kD) protein of unknown function that contains conserved S-adenosylmethionine binding motifs and a predicted 58-amino acid chloroplast transit peptide.
To determine whether the At3g63410 locus encodes VTE3, the corresponding wild-type and vte3-1 genes were amplified and sequenced. At3g63410 in vte3-1 contains a C-to-T conversion at nucleotide 281 of the ORF that results in the mutation of Thr-94 to Ile-94 ( Figure 3B ). A second mutant allele, vte3-2, was identified from the Salk T-DNA insertion population. vte3-2 contains a T-DNA insertion in the first exon of At3g63410 at nucleotide 163 of the ORF ( Figure 3B ) and is predicted to result in a complete loss of enzyme activity.
Whole-Plant Phenotypes of vte3-1 and vte3-2
Young vte3-1 seedlings were slightly smaller than wild-type seedlings ( Figure 3C ) but otherwise were healthy and indistinguishable from the wild type. By contrast, vte3-2 seedlings were pale green and did not survive beyond 7 days in soil.
Therefore, the vte3-2 allele was maintained as a heterozygote. Progeny from VTE3-2/vte3-2 germinated fully and segregated at a 3:1 ratio (wild type:mutant; 2 ϭ 0.172). Seeds produced from vte3-1/vte3-1 and VTE3-2/vte3-2 were indistinguishable from wild-type seeds in size, shape, and germination rates (data not shown), suggesting that the partial or total loss of VTE3 activity does not affect embryo growth and development.
vte3-2 seedlings grown on sterile medium supplemented with 1% sucrose were pale but, unlike soil-grown plants, survived for several weeks and produced sufficient tissue for biochemical analyses. The phenotype of plate-grown vte3-2 seedlings ranged from albino to those that had pale green newly emerging leaves with older leaves that were progressively bleached ( Figure 3C ). These observations suggest that, unlike the missense vte3-1 point mutation, a null mutation of the At3g63410 locus inhibits photosystem assembly/function and causes severe photobleaching.
Analysis of Tocopherols in Leaves and Seeds of vte3 Mutants
Homozygous vte3-2 mutants are soil lethal. To directly compare the effects of vte3 mutations on tocopherol synthesis, wild-type and mutant plants were grown on media supplemented with 1% sucrose. The tocopherol profile of wild-type leaves consists of ␣-T, ␥-T, and ␤-T in an ‫2:8:09ف‬ ratio (Table  1 ). In vte3-1 leaves, total tocopherol levels were increased slightly but significantly relative to the wild type, and ␣-T and ␥-T levels were decreased to 33 and 3%, whereas ␤-T and ␦-T 
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Total lipids extracted from 3-week soil-grown or 18-day-old plate-grown Arabidopsis plants or log-phase Synechocystis cell cultures were resolved by normal-phase HPLC, and the quantities of individual tocopherols and PQ were determined relative to standards. Values are expressed as the average of quadruplicate analyses Ϯ SD (in pmol/mg fresh weight). Student's t test was performed, and statistically significant differences relative to respective controls are indicated by single (P Յ 0.05) and double (P Յ 0.01) asterisks. Numbers in parentheses indicate the percentage of an individual tocopherol in the total pool. Values for Synechocystis are expressed as pmol·OD 730 Ϫ1 ·mL Ϫ1 .
were increased to 42 and 22% of total tocopherols, respectively (Table 1) . These results indicate that the vte3-1 mutation leads to a Ͼ60% reduction in the methylation of MPBQ, which instead is cyclized to ␦-T, the majority of which then is methylated further by ␥-TMT to yield ␤-T (Figure 1 ). Leaf tissue from homozygous vte3-2 mutants accumulated ␤-T and ␦-T only (Table 1) , a phenotype consistent with a complete lack of MPBQ/MSBQ MT activity. The absence of ␣-T and ␥-T in vte3-2 indicates that no redundant MPBQ/MSBQ MT activities exist in Arabidopsis and that the ethyl methanesulfonate-derived vte3-1 allele is leaky. The total tocopherol level in pale/bleached vte3-2 leaf tissue was reduced by Ͼ50% relative to the wild type, most likely as a result of the reduced flux through the tocopherol pathway or accelerated tocopherol degradation as a result of the severe photobleaching in vte3-2. Unlike vte3-1, vte3-2 was found to be semidominant, because leaves of soil-grown VTE3-2/vte3-2 plants accumulated significantly increased levels of ␤-T compared with wild-type leaves (Table 1) .
In addition to leaves, seeds also accumulate tocopherols. The total tocopherol level of wild-type Arabidopsis seeds was Ͼ20-fold higher than that of unstressed soil-grown leaves on a fresh weight basis and was composed of 92% ␥-T, 3% ␣-T, and 5% ␦-T (Table 2) . Seeds of vte3-1 mutants showed a 15-fold increase in ␦-T content, whereas ␥-T levels decreased by 31% relative to the wild type (Table 2 ). These data indicate that, as in leaf tissue, the majority of MPBQ in vte3-1 seeds is not methylated by MPBQ/MSBQ MT but instead undergoes cyclization to produce ␦-T. ␤-T was not detected in the mutant because of the low ␥-TMT activity in seeds (Shintani and DellaPenna, 1998) .
Because homozygous vte3-2 mutants are seedling lethal in soil, the effects of the mutation on seed tocopherol synthesis could be determined only in seeds from VTE3-2/vte3-2 plants. Although only 25% of the seeds obtained from VTE3-2/vte3-2 plants were homozygous for the vte3-2 locus, there was an increase in ␦-T similar to that seen in homozygous vte3-1 seeds (Table 2 ). Because vte3-2 is semidominant in leaf tissue (Table  1) , we could not determine whether the ␦-T produced is only from vte3-2/vte3-2 seeds or whether VTE3-2/vte3-2 seeds also contribute to the phenotype. It also is important that not only was seed tocopherol composition altered by the vte3-1 and vte3-2 mutations but the levels of total tocopherols in both mutant alleles were increased significantly (P Յ 0.01), 38 and 30%, respectively, relative to those in the wild type (Table 2 ). This finding suggests that changes in tocopherol composition caused by altered MPBQ/MSBQ MT activity affect tocopherol levels either as a result of increased flux through the pathway or as decreased turnover of tocopherols in seeds.
PQ Synthesis Also Is Disrupted in Homozygous vte3-2 Plants
The dramatic difference in the whole-plant phenotypes of vte3-1 and vte3-2 ( Figure 3C ), coupled with the fact that plant tocopherol and PQ synthesis are related biochemically (Figure 1 ), prompted us to determine whether PQ synthesis is affected differentially in these mutants. vte3-1 leaf tissue showed a small (17%) but significant decrease in PQ relative to the wild type (Table 1 ) with a trace amount of MSBQ, the immediate biosynthetic precursor of PQ and substrate for MPBQ/MSBQ MT (Figure 4) . Leaves of vte3-2 plants completely lacked PQ and accumulated high levels MSBQ (Table 1, Figure 4 ). The small peak at 12.10 min in the vte3-2 HPLC trace has a spectrum unlike that of any PQ pathway intermediates and is an unrelated compound of low abundance that migrates as a small shoulder of the large PQ peak in the wild type (Figure 4, inset) .
The combined data from vte3-1 and vte3-2 provide genetic evidence that VTE3 is involved in both tocopherol and PQ synthesis in vivo. The severe photobleaching phenotype of vte3-2 is caused by the PQ deficiency and/or accumulation of MSBQ, rather than by altered tocopherol composition. This finding is in agreement with studies of tocopherol cyclase mutants of Arabidopsis that lack tocopherols and accumulate the biosynthetic intermediate DMPBQ but are phenotypically similar to wild-type plants (Porfirova et al., 2002; Sattler et al., 2003) . Finally, the absence of PQ in vte3-2 indicates that, as with to- copherol synthesis, Arabidopsis does not contain other functionally redundant activities that catalyze the methylation of MSBQ to form PQ. VTE3-2/vte3-2 plants accumulated PQ at a level similar to wild-type plants (Table 1) with no detectable MSBQ (data not shown), indicating that, unlike the vte3-2 tocopherol phenotype, vte3-2 is recessive for the PQ phenotype. While this article was under review, a Ds-tagged VTE3 allele was reported from a large-scale screen for apg (albino or pale green) mutants in Arabidopsis (Motohashi et al., 2003) . Although tocopherols were not analyzed in that study, the Ds-tagged VTE3 allele also was found to be deficient in PQ (Motohashi et al., 2003) .
VTE3 Uses Both MPBQ and MSBQ as Substrates in Vitro
Genetic evidence strongly suggests that VTE3 encodes both MPBQ MT and MSBQ MT activities. To determine the activity of VTE3 against various potential substrates, the full-length VTE3 protein-coding region was amplified from an Arabidopsis EST clone and engineered for expression in E. coli. Activity assays against various substrates demonstrated that, like Synechocystis sp PCC6803 MPBQ/MSBQ MT, VTE3 uses both MPBQ and MSBQ, intermediates in tocopherol and PQ synthesis, respectively, as methylation substrates in vitro ( Figure 5 ). Neither Synechocystis sp PCC6803 MPBQ/MSBQ MT (Shintani 
Total lipids extracted from dry seeds were resolved by normal-phase HPLC, and the quantities of individual tocopherols were determined relative to standards. Values are expressed as the average of quadruplicate analyses Ϯ SD (in pmol/mg dry weight). Student's t test was performed relative to the control, and statistically significant differences are indicated by single (P Յ 0.01) and double (P Յ 0.001) asterisks. Numbers in parentheses indicate the percentage of individual tocopherols in the total pool. Total lipids extracted from leaves of plate-grown wild-type and vte3 mutant plants were subjected to normal-phase HPLC analysis. The inset shows spectra of the three indicated compounds in the wild type and vte3-2. Peak 1, plastoquinone-9 (PQ); peak 2, unknown peak at 12.10 min; peak 3, MSBQ.
et al., 2002) nor VTE3 (data not shown) used ␤-T or ␦-T as a methylation substrate in vitro. These data demonstrate conclusively that Arabidopsis VTE3 is the functional equivalent of Synechocystis sp PCC6803 MPBQ/MSBQ MT.
Analysis of MPBQ/MSBQ MT Activity in Synechocystis sp PCC6803
The sll0418 ORF in Synechocystis sp PCC6803 was shown previously by gene disruption and in vitro enzyme assays to encode a protein with MPBQ/MSBQ MT activity . Complete segregation of the mutant locus could not be achieved under mixotrophic growth conditions (glucose-containing medium in the light), suggesting that the total loss of Sll0418 activity was lethal. The merodiploid sll0418/ sll0418::aphII strain showed a reduced ␣-T level and a small amount of ␤-T accumulation, which confirmed a role for Sll0418 in tocopherol synthesis in Synechocystis sp PCC6803 in vivo. We have now isolated the homozygous sll0418::aphII mutant by selection under photoautotrophic conditions. Apparently, the inability to isolate a homozygous mutant under mixotrophic conditions is the result of a glucose-dependent lethality associated with the disruption of sll0418. A complete description of the homozygous Synechocystis sp PCC6803 sll0418::aphII mutant and the accompanying phenotype of tocopherol-deficient mutants will be published elsewhere (Y. Sakuragi, H. Maeda, D. DellaPenna, and D.A. Bryant, unpublished data). The tocopherol content of the homozygous sll0418::aphII mutant did not differ significantly from that of the previously described merodiploid strain . The homozygous sll0418::aphII strain contains 35% of the wild-type tocopherol level and consists primarily of ␣-T with a small amount of ␤-T (Table 1 ). The PQ content of the homozygous sll0418::aphII strain also is reduced to 70% of wild-type levels, and MSBQ is not detectable (data not shown). These observations are highly significant because they demonstrate the presence of one or more partially redundant MPBQ/MSBQ MT activities in Synechocystis sp PCC6803 or the presence of an alternative biosynthetic route(s) to ␣-T and PQ. The homozygous sll0418::aphII mutant phenotype is in sharp contrast to the corresponding homozygous Arabidopsis vte3-2 mutant, in which both ␣-T and PQ synthesis are fully disrupted.
VTE3 and Synechocystis sp PCC6803 MPBQ/MSBQ MT Are Highly Divergent in Primary Sequence
Although VTE3 and Synechocystis sp PCC6803 MPBQ/MSBQ MT have conserved enzymatic activities (Figure 5 ), the two proteins are highly divergent in their primary amino acid sequences, with an overall identity of 18% (Table 3 ). The primary regions of significant similarity are in the S-adenosylmethionine binding motifs I, II, and III, domains involved in the binding of the methyl donor ( Figure 6 ) (Kagan and Clarke, 1994; Joshi and Chiang, 1998) . In addition to a low overall similarity, Synechocystis sp PCC6803 MPBQ/MSBQ MT and VTE3 have numerous gaps in their alignment ( Figure 6 ). Thus, the VTE3-and Synechocystis sp PCC6803-type MPBQ/MSBQ MTs appear to represent nonorthologous, functionally equivalent activities that have evolved independently in the two organisms.
To gain insight into the prevalence of Synechocystis sp PCC6803-and VTE3-type MPBQ/MSBQ MTs in nature and their possible evolutionary origins, we expanded our database searches beyond vascular plants and oxygenic cyanobacteria. Orthologs of Synechocystis sp PCC6803 MPBQ/MSBQ MT are present in all oxygenic cyanobacterial genome databases but absent from databases representing nonoxygenic phototrophs, nonphotosynthetic eukaryotes, eubacteria, and most photosynthetic eukaryotes, with the exception of C. reinhardtii and T. pseudonana. The C. reinhardtii and T. pseudonana proteins The three proteins and an empty vector control were expressed in E. coli, solubilized in Tween 20, ␤-D-dodecyl-maltoside, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid, and Triton X-100, respectively, and assayed for activity with MPBQ (lanes 1, 3, 5, and 7) or MSBQ (lanes 2, 4, 6, and 8) as substrates in the presence of 14 C-methyl-S-adenosylmethionine. Reaction products were extracted and separated by thin layer chromatography. Radiolabeled products were detected by phosphorimaging. Reaction products are indicated by arrows. share 45 and 48% identity, respectively, with Synechocystis sp PCC6803 Sll0418 (Table 3 , Figure 6 ). The full-length C. reinhardtii MPBQ/MSBQ MT coding region was amplified from a cDNA library, sequenced, and engineered for the expression and assay of activity in E. coli. As with VTE3 and Synechocystis sp PCC6803 MPBQ/MSBQ MT, the C. reinhardtii cyanobacteria-type enzyme was found to use both MPBQ and MSBQ ( Figure 5 ) as substrates in vitro but not ␤-T or ␦-T (results not shown). The T. pseudonana protein could not be assayed, because cDNA libraries are not readily available for this organism. Arabidopsis VTE3 appears to represent a highly conserved gene in vascular plants. The sequences shown in Table 3 and Figure 6 are representative of the numerous orthologs found in vascular plant databases. Furthermore, VTE3 orthologs also were identified in EST databases of two nonvascular plants, Physcomitrella patens and Marchantia polymorpha, and in the genome and EST databases of the green alga C. reinhardtii, making the latter the only organism that encodes both types of MPBQ/MSBQ MTs. C. reinhardtii VTE3 is 70% identical to Arabidopsis VTE3 (Table 3 ). Attempts to engineer C. reinhardtii VTE3 for expression and assay of activity in E. coli have been unsuccessful to date. Expanding the search for VTE3 homology beyond the plant kingdom failed to identify VTE3 orthologs in mammalian, fungal, cyanobacterial, or other eubacterial databases. However, apparent orthologs to Arabidopsis VTE3 were identified in two archeal species, Archaeoglobus fulgidus and Halobacterium sp NRC-1 (Table 3 ). These two archeal "VTE3-like" proteins are ‫%04ف‬ identical to VTE3 proteins from throughout the plant kingdom (Table 3, Figure 6 ). However, although this similarity extends throughout the predicted archeal protein sequences, both archeal VTE3-like proteins lack an ‫-06ف‬amino acid C-terminal extension that is highly conserved in plants and corresponds to the third exon of the Arabidopsis and rice VTE3 genes ( Figure 6 ). BLAST searches using the protein sequence encoded by the third exon of Arabidopsis VTE3 as a query indicated that this protein domain is unique to eukaryotic VTE3 sequences.
DISCUSSION
In this study, we have reported the identification and characterization of the Arabidopsis VTE3 locus, which encodes the nonorthologous functional equivalent of Synechocystis sp PCC6803 MPBQ/MSBQ MT, a key enzymatic activity in the synthesis of tocopherols and PQ in photosynthetic organisms. Both the Arabidopsis (VTE3-type) and Synechocystis sp PCC6803 (cyanobacterial-type) MPBQ/MSBQ MT enzymes have similar in vitro activities toward the tocopherol and PQ biosynthetic intermediates MPBQ and MSBQ, respectively. Despite the striking similarity in their activities, the corresponding proteins in the two organisms are highly divergent in primary sequence and appear to have arisen independently during the evolution of cyanobacteria and plants. Thus, unlike all other tocopherol pathway enzymes in plants, it was not possible to identify Arabidopsis MPBQ/MSBQ MT based on similarity with its cyanobacterial counterpart; instead, a genetic approach was required.
Two Arabidopsis mutants were identified that had phenotypes consistent with a partial or total disruption of MPBQ/ MSBQ MT activity. The ethyl methanesulfonate-derived vte3-1 allele was used to isolate the corresponding VTE3 locus by positional cloning. The recessive vte3-1 mutation substitutes Ile-94 for Thr-94, a residue conserved in all vascular and nonvascular plant VTE3 orthologs ( Figure 6 and data not shown). vte3-1 preferentially impairs the methylation of tocopherol substrates in planta and has little effect on the methylation of MSBQ to PQ. Despite the 58% reduction in ␣-T in vte3-1 leaves, no significant impact on plant growth and development was observed. vte3-2 is a null, T-DNA insertion allele that, when homozygous, completely disrupts both MPBQ and MSBQ MT activity in vivo; this results in the absence of ␣-T in leaves and ␥-T in seeds and the accumulation of high levels of ␤-T and ␦-T in each tissue, respectively. Unlike vte3-1, vte3-2 seedlings also lack PQ, accumulate the immediate precursor MSBQ, and are seedling lethal in soil as a result of severe photobleaching. Interestingly, in leaf tissue, vte3-2 is semidominant for the tocopherol phenotype but recessive for the PQ phenotype.
The Arabidopsis vte3 mutants do not appear to be the first such mutations identified in plants. Maize and sunflower mutants have been reported previously that, in retrospect, are consistent with the disruption of VTE3 activity in these organisms. Two allelic Mutator transposon-derived, high-chlorophyllfluorescence maize mutants have been reported that were pale green and seedling lethal (Cook and Miles, 1992) . These mutants lacked PQ and ␣-T in leaves, accumulated what was presumed to be biosynthetic precursors, and had a phenotype strikingly similar to Arabidopsis vte3-2. In sunflower, which predominantly accumulates ␣-T in its seeds, an apparently viable mutant (tph1) was identified that accumulated ␤-T to as much as 40% of total seed tocopherols (Demurin et al., 1996) . tph1 likely contains a mutation in the sunflower VTE3 ortholog that preferentially affects tocopherol methylation in a manner similar to the Arabidopsis vte3-1 allele.
Orthologs with high identity to Arabidopsis VTE3 are present in all plant genome and EST databases. Most notably, the spinach VTE3 ortholog had been cloned previously and characterized as an abundant 37-kD chloroplast inner envelope protein (named E37) of unknown function that contained three S-adenosylmethionine binding motifs (Teyssier et al., 1996) . A substrate for E37 could not be determined, but the protein was immunologically detectable in both photosynthetic and nonphotosynthetic spinach tissues and in a number of other plant species (Teyssier et al., 1996) . Given the facts that the inner envelope is the subcellular site of tocopherol biosynthesis in plants (Soll et al., 1980 (Soll et al., , 1985 and that spinach E37 is 84% identical to Arabidopsis VTE3 (Table 3) , it now seems clear that spinach E37 encodes MPBQ/MSBQ MT. The widespread presence of VTE3 orthologs in plant databases and the isolation of maize and sunflower mutants with phenotypes similar to specific Arabidopsis vte3 alleles suggest that this reaction in tocopherol and PQ synthesis is catalyzed by an enzyme that is highly conserved in both structure and function in dicots and monocots.
New Insights into the Synthesis and Regulation of Tocopherols and PQ
Previous studies have demonstrated that tocopherol biosynthetic enzymes are remarkably conserved in both primary sequence and activity in cyanobacteria and plants (Norris et al., 1998; Shintani and DellaPenna, 1998; Collakova and DellaPenna, 2001; Porfirova et al., 2002; Shintani et al., 2002; Sattler et al., 2003) . In this regard, the low sequence identity of MPBQ/ MSBQ MT in Arabidopsis and Synechocystis sp PCC6803 stands in stark contrast to other pathway enzymes and suggests that although similar, fundamental differences exist in tocopherol and PQ synthesis in cyanobacteria and plants. Several lines of evidence support this hypothesis. The null vte3-2 mutant lacks ␣-T and PQ and is seedling lethal, indicating that VTE3 is essential for the synthesis of both compounds in Arabidopsis. By contrast, the analogous Synechocystis sp PCC6803 sll0418::aphII mutant is viable and has only reduced levels of tocopherols and PQ (Table 1 ). This finding indicates that, unlike Arabidopsis, functional redundancy exists for MPBQ/MSBQ MT in Synechocystis sp PCC6803 and that this step in tocopherol and PQ synthesis has diverged significantly in cyanobacteria and plants.
Additional divergence of the two pathways is evident from the phenotypes of HPPD mutants in cyanobacteria and plants.
As with VTE3, a null mutation of Arabidopsis HPPD disrupts both tocopherol and PQ synthesis and is seedling lethal (Norris et al., 1998) , indicating that the synthesis of both compounds is HGA dependent in plants (Figure 1) . By contrast, a null HPPD mutation in Synechocystis sp PCC6803 results in viable cells that are tocopherol deficient but contain wild-type levels of PQ, indicating that PQ synthesis is HGA independent in Syn-echocystis sp PCC6803 (Dahnhardt et al., 2002) . These data demonstrate that although the PQ produced in plants and cyanobacteria is chemically identical, the PQ biosynthetic pathways differ in the two organisms, at least at the steps of aromatic head group synthesis and ring methylation. Therefore, the PQ pathway shown in Figure 1 is valid only for photosynthetic eukaryotes, and PQ biosynthesis in cyanobacteria must be reassessed.
Enzymes of the tocopherol pathway often are grouped into two categories: those that contribute to tocopherol flux/accumulation (e.g., HPPD and HPT) and those that define the tocopherol composition of a tissue (e.g., ␥-TMT and TC). Consistent with this classification scheme, overexpression of HPPD (Tsegaye et al., 2002) or HPT (Savidge et al., 2002; Collakova and DellaPenna, 2003) increased total seed tocopherol levels by up to 30 and 75%, respectively, whereas ␥-TMT overexpression resulted in the conversion of the large pool of ␥-T in seeds to ␣-T without affecting total seed tocopherol levels (Shintani and DellaPenna, 1998) . From these previous studies, one would predict that altering VTE3 activity would affect tocopherol composition without positively affecting total tocopherol flux/accumulation. Therefore, it was quite unexpected to observe, in addition to altered tocopherol composition, a highly significant (P Յ 0.01) 31 to 38% increase in total tocopherol levels in vte3 mutant seeds (Table 2 ). This phenotype suggests the presence of a previously unknown mechanism regulating tocopherol flux or accumulation in wild-type seeds that is disrupted by the vte3 mutations.
The nature of this regulatory mechanism is unclear and theoretically could occur at any time between gene expression and the modulation of enzyme activities in the pathway, but it likely involves the generation or removal of an effector by the vte3 mutations. Because MPBQ and DMPBQ are undetectable in both the wild type and vte3 mutants, these compounds can be excluded as possible effectors. Likewise, ␥-T and ␣-T also can be excluded because altering the seed ␥-T:␣-T ratio by 80-fold as a result of ␥-TMT overexpression did not affect total seed tocopherol levels (Shintani and DellaPenna, 1998) . The most likely candidate effector molecule is ␦-T, which is undetectable in wild-type seeds and increased in vte3 seeds. Whether ␦-T mediates regulation by affecting the kinetic properties of other pathway enzymes or serves as a signal that results in the altered expression of pathway genes remains to be determined. What is clear from the phenotype of seeds containing vte3 mutations is that the tocopherol composition of a tissue plays a previously unsuspected role in regulating tocopherol flux and/ or accumulation.
The Evolution of VTE3-and Cyanobacteria-Type MPBQ/MSBQ MTs
The low sequence identity of cyanobacteria-and VTE3-type MPBQ/MSBQ MTs suggests that the two classes of enzymes are the result of convergent evolution. The presence of VTE3 orthologs in all angiosperms, in the nonvascular plants P. patens and M. polymorpha, and in the green alga C. reinhardtii suggests that photosynthetic eukaryotes acquired the VTE3-type enzyme before the divergence of green algae and plants some 800 million years ago (O'Kelly, 1992; Lemieux et al., 2000) . The absence of VTE3 orthologs from eubacteria (including cyanobacteria) and the presence of VTE3-like orthologs in two archeal species suggest that VTE3 was present in a common ancestor of archea and plants but subsequently was lost from most archeal lineages. Cyanobacteria-type MPBQ/MSBQ MT orthologs are present in all cyanobacterial genomes and in the genomes of two unicellular photosynthetic eukaryotes, C. reinhardtii and the diatom T. pseudonana. C. reinhardtii is unique in being the only organism currently known to encode both cyanobacteria-and VTE3-type MPBQ/MSBQ MTs, suggesting that the common ancestor of green algae and plants had both types of enzymes and that plants subsequently lost the cyanobacteria-type enzyme early in their evolution. T. pseudonana also is unique in being the only photosynthetic eukaryote known that does not encode a VTE3-type enzyme in its genome. Whether the common ancestor of plants, green algae, and diatoms contained both types of enzymes and VTE3 was lost in the diatom lineage will require the sequencing of additional genomes representing early branches of photosynthetic eukaryote evolution.
In summary, we have isolated and characterized an Arabidopsis MPBQ/MSBQ MT that is the nonorthologous functional equivalent of its cyanobacterial counterpart. The Arabidopsis VTE3 gene encodes a protein and activity in tocopherol and PQ biosynthesis that are highly conserved in photosynthetic eukaryotes. An intriguing question remains regarding when and how this plant enzyme evolved from archea, the third domain of life, whereas all other steps of the plant tocopherol biosynthetic pathway appear to have originated from an endosymbiotic event with a cyanobacterium. Understanding the origin of VTE3 during the evolution of plants will provide new insight into the transfer of genetic information among the three domains of life during the emergence and evolution of the fundamental biological process of photosynthesis.
METHODS
Plant Materials and Growth Conditions
Ethyl methanesulfonate-mutagenized Arabidopsis thaliana seeds were obtained from Lehle Seeds (Round Rock, TX). The vte3-2 T-DNA insertional line was identified by searching the SIGNAL database World Wide Web site (http://signal.salk.edu/cgi-bin/tdnaexpress) at the Salk Institute for Biological Studies (La Jolla, CA). Seeds containing the vte3-2 mutation were obtained from the ABRC at Ohio State University (http:// www.biosci.ohio-state.edu/plantbio/Facilities/abrc/abrchome.htm). Soilgrown plants were kept at 22ЊC under a 16-h photoperiod. Tissue culture-grown seedlings were grown at 22/19ЊC (day/night) with a 12-h photoperiod on 1ϫ Murashige and Skoog (1962) salts (Gibco BRL), pH 5.7, with 1% (w/v) sucrose and 1% (w/v) phytagar.
Identification and Map-Based Cloning of vte3-1
Ethyl methanesulfonate-mutagenized M2 seeds were grown in soil in a 96-well format for 3 to 4 weeks. Total lipids were extracted from leaf tissues according to Collakova and DellaPenna (2001) and subjected to HPLC (1100 series; Agilent, Wilmington, DE) on a Spherisorb ODS-2 5-m, 250-ϫ 4.6-mm reverse-phase column (Column Engineering, On-tario, CA) using the solvent system described by Sattler et al. (2003) . The original vte3-1 mutant line was backcrossed to wild-type Columbia two times. For mapping purposes, vte3-1 (in the Columbia background) was crossed to wild-type Landsberg erecta, and the resulting F2 population was screened using reverse-phase HPLC for the vte3-1 phenotype. Simple sequence length polymorphism markers for BAC clones T15C9 and T17J13 were described by Bell and Ecker (1994) . DNA was isolated using Plant DNAZOL (Invitrogen, Carlsbad, CA) and used in a 20-L PCR.
Analysis of Prenylquinones
Quantitative analyses of tocopherols and plastoquinone (PQ) were performed using normal-phase HPLC. Total lipids were extracted from 65 to 75 mg of tissue culture-grown plants or from 20 mg of dry seeds according to Collakova and DellaPenna (2001) . Total lipids were separated on a ReliaSil silica 250-ϫ 4.6-mm normal-phase column (Column Engineering) at 30ЊC with 1 mL/min hexane and dioxane using the following gradient program: 0 to 15 min, 0.2 to 2% dioxane; 15 to 25 min, 2 to 4% dioxane; 25 to 35 min, dioxane held at 4%; 35 to 40 min, 4 to 0.2% dioxane; and 40 to 60 min, dioxane held at 0.2%. Absorption spectra (190 to 800 nm) and fluorescence signals (excitation at 290 nm, emission at 330 nm) were collected. PQ and tocopherol standard curves were prepared using the same method.
Expression and Assay of 2-Methyl-6-Phytyl-1,4-Benzoquinone/ 2-Methyl-6-Solanyl-1,4-Benzoquinone Methyltransferase in
Escherichia coli
Synechocystis sp PCC6803 2-methyl-6-phytyl-1,4-benzoquinone/2-methyl-6-solanyl-1,4-benzoquinone methyltransferase (MPBQ/MSBQ MT) was engineered and expressed in E. coli as described by . Arabidopsis VTE3 was amplified by PCR from an Arabidopsis leaf cDNA library using Pwo DNA polymerase (Roche Applied Science, Indianapolis, IN), a forward primer engineered with an NdeI site (underlined) to generate an in-frame ATG (5Ј-CGGCATATGGCCTCTTTG-ATGCTCAAC-3Ј), and a reverse primer (5Ј-CGGTCAGATGGGTTG-GTCTTTGGG-3Ј). Chlamydomonas reinhardtii MPBQ/MSBQ MT (Synechocystis type) was amplified from a C. reinhardtii cDNA library (Davies et al., 1996) using Pwo DNA polymerase, a forward primer engineered with an NdeI site (underlined) to generate an in-frame ATG (5Ј-CATATGCTTGGGCAATCCCTGC-3Ј), and a reverse primer (5Ј-GCA-CCCGCTCCTTACTTCA-3Ј). The amplified fragments were ligated to the EcoRV site of pBluescript KS(ϩ) (Stratagene). Inserts were excised with NdeI and BamHI, inserted into the pET30A expression vector digested previously with the same enzymes (Novagen, Madison, WI), and transformed into BL21DE3 (Novagen).
Growth, induction, cell harvesting, and extraction of engineered proteins in E. coli were performed as described by Shintani et al. (2002) . Cells carrying an empty pET30A vector also were induced as a negative control. To determine the optimal conditions for the solubilization and activity of each enzyme, each induced protein was solubilized in 50 mM Tris-Cl, pH 8.0, 5 mM DTT, and 1 mM phenylmethylsulfonyl fluoride containing 1% (v/v) of one of the following detergents: Triton X-100, Tween 20, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid (CHAPS), and ␤-D-dodecyl maltoside. After centrifugation at 12,000 rpm, the supernatant was collected, the protein concentration was measured with the Coomassie Protein Assay Reagent (Pierce, Rockford, IL), and aliquots were stored at Ϫ80ЊC until assay.
Enzyme assays were performed as described by Peddibhotla et al. (2002) , except that the incubation time for Arabidopsis VTE3 was extended to 6 to 12 h. Enzymes were assayed at detergent concentrations ranging from 0.01 to 0.1% (v/v) final concentration, and the optimal type and concentration of detergent for each solubilized protein were determined by comparing the yield of the radiolabeled products. The optimal detergents and final concentrations for the assays of Synechocystis sp PCC6803 MPBQ/MSBQ MT, its ortholog from C. reinhardtii, and Arabidopsis VTE3 were 0.1% (v/v) Tween 20, 0.1% (v/v) ␤-D-dodecyl maltoside, and 0.1% (v/v) CHAPS, respectively. Chemical synthesis and purification of 2-methyl-6-phytylbenzoquinone substrate were as reported by Peddibhotla et al. (2002) . 2-Methyl-6-solanylbenzoquinone substrate was extracted and purified from iris bulbs as described by Henry et al. (1987) .
Phylogenetic Analysis
Sequence alignments were performed with CLUSTAL W (MacVector; Genetics Computer Group, Madison, WI) using the BLOSUM 30 protein matrix (for Figure 2) , the identity protein matrix (for Figure 6) , and default parameters for gap penalties. The phylogenetic tree was generated using the neighbor-joining method. Ties in the tree are treated randomly, with distances uncorrected and gaps distributed proportionally. Bootstrap measurements were conducted with 1000 iterations.
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